The small GTPase Rac acts as a binary molecular switch that cycles between an inactive GDP-bound and an active GTP-bound state in response to a variety of extracellular stimuli. The interconversion between both states is controlled by nucleotide exchange and GTP-hydrolysis. The structures of several GTPases in either state revealed that the switching mechanism depends on the conformational change of two regions, termed switch I and switch II (1, 2). The switch regions consequently provide a surface that is in the GTP-bound state specifically recognized by downstream effectors (1-3) and GTPase activating proteins (GAPs), accelerating the slow intrinsic GTP-hydrolysis reaction (1, (4) (5) (6) . After GTP-hydrolysis, release of the cleaved γ-phosphate allows the switch regions to relax into the GDP-conformation. Guanine nucleotide exchange factors (GEFs), stimulating the GDP/GTP-exchange, bind independently of the nucleotide bound state (1, 7) whereas guanine nucleotide dissociation inhibitors (GDIs), which sequester the GTPase from the membrane into the cytoplasm, interact only with the GDP-bound state (8).
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and GppNHp-bound conformation at 1.75 Å resolution. Furthermore we investigated nucleotide binding and hydrolysis of Rac1b, studied its regulation by the RacGEF Tiam1 and p50GAP and its interaction with the downstream effector PAK. The Rac1b structures explain the drastic changes of the biochemical properties of Rac1b, namely a dramatic decrease in nucleotide affinity and GTP-hydrolysis. The presented data identifies Rac1b as a predominantly GTP-bound form of Rac1.
EXPERIMENTAL PROCEDURES
Plasmids -The pcDNA3-Flag constructs of human Rac1b, Rac1 and the respective constitutive active Rac1(G12V) mutant were generated by PCR and cloned via BamH1 and EcoRI restriction sites. Rac1, Rac1∆C (1-184), Rac1b and Rac1b∆C were cloned in pGEX4T1, using BamHI and EcoRI restriction sites. The DH-PH domain of Tiam1 (1033-1404) was cloned into pGEX4T1 using BamHI and XhoI restriction sites.
The coding region of Tiam1 contains an internal BamHI site which was removed for the cloning procedure. pGEX-PAK1-GBD was kindly provided by J. Collard (12) . pGEX-6 molecules the two additional N-terminal Gly-Ser residues, due to the thrombin cleavage site could be observed and were included in the model.
Fluorescence measurements -Long time fluorescence measurements were monitored on a LS50B Perkin Elmer spectrofluorometer (Norwalk, CT) and rapid kinetics were measured with a stopped flow apparatus (Applied Photophysics SX16MV) as described (15) . Nucleotide association was performed with 0.1 µM fluorescent nucleotide and varying concentrations of nucleotide-free Rac proteins at 20 °C as described (15) . The dissociation of the fluorescent nucleotide from Rac-proteins (0.1 µM)
was measured by addition of 200-fold excess of non-fluorescent nucleotide in the absence and the presence of 5 µM Tiam1 DH-PH at 20 °C. The equilibrium dissociation constant (K d ) for the PAK-GBD interaction with Rac1b was determined as previously described for the Ras-Raf kinase interaction (21) . The measurements were carried out using 0.2 µM mantGppNHp-bound GTPase, 40 µM GppNHp and increasing concentrations of PAK-GBD at 25 °C for Rac1 and at 10 °C in the case of Rac1b due to its fast nucleotide dissociation rate. All measurements were carried out in 30 mM Tris/HCl pH7.5, 5 mM MgCl 2 , 10 mM Na 2 HPO 4 /NaH 2 PO 4 pH 7.5, 5 mM DTE. The observed rate constants were evaluated using Grafit (Erithacus software).
[GTP]/([GTP]+[GDP]
). For exponential fitting of the data the program Grafit (Erithacus software) was used.
Transfection and GTPase Pull-down assay -COS-7 cells were transfected using DEAE-dextran as described (12) . Pull-down assay for the active GTP-bound Rac proteins was carried out using GST-PAK-GBD (Glutathione S-transferase-fused Rac binding domain of PAK) conjugated with glutathione beads as described (12) . The interaction of GST-PAK full length with the Rac proteins was examined under the same conditions using purified proteins. The beads were washed four times and subjected to SDS-PAGE (15 % polyacrylamide). Bound Rac proteins were detected by Western blot using a monoclonal antibody against Rac (Upstate Biotechnologies).
RESULTS AND DISCUSSION
Rapid GEF-independent nucleotide dissociation reaction of Rac1b -To investigate the influence of the 19 amino acid insertion on the nucleotide binding affinity we first determined kinetic constants for the association of fluorescently (methylanthraniloyl-or mant-) labeled nucleotides to nucleotide-free Rac1b protein. This allowed us to monitor nucleotide association kinetics at increasing protein concentrations.
As shown in Fig. 1A , the formation of the binary complex is not affected by the 19 amino acid insertion. The association rate constants (k on ) for the binding of mantGDP and mantGTP to Rac1b were obtained by linear fitting of the observed rate constants at given protein concentrations. They are only marginally slower than those of Rac1 (Table 2) .
To determine the intrinsic and GEF-accelerated nucleotide dissociation rates, Rac1b and Rac1 were loaded with the respective fluorescently labeled guanine 8 nucleotides. The displacement of the fluorescent nucleotides was initiated by addition of excess amounts of non-fluorescent nucleotides in the presence and absence of the DH-PH domain of Tiam1 (a Rac-specific GEF). A drastic increase in the intrinsic dissociation of mantGDP (26-fold), mantGTP (27-fold) and mantGppNHp (250-fold) from Rac1b compared to the very slow dissociation rates of the respective nucleotides from Rac1 was observed ( Fig. 1B ; Table 2 ). Accordingly, the calculated K d for nucleotide binding revealed that the 19 residues insertion dramatically affects the overall affinity for GDP, GTP and particularly for the GTP-analog GppNHp ( Table 2 ). The reason for the reduced affinity of GppNHp compared to that of GTP is the disrupted hydrogen bond of the GTP-β,γ-bridging imino group to the main chain NH group of the P-loop residue A13. A similar observation has been reported for Ras·mantGppNHp (22) .
Moreover, in contrast to the slow nucleotide dissociation of Rac1, that could be 50-fold accelerated in the presence of the DH-PH domain of Tiam1, the fast intrinsic mantGDP dissociation of Rac1b could not be further increased by the DH-PH domain of Tiam1 (Fig. 1C, Table 2 ).
These in vitro results show that Rac1b does not require any GEF to get activated.
It rather activates itself by a very fast nucleotide dissociation and by the subsequent binding of the cellular abundant GTP. Despite the drastically increased nucleotide dissociation, Rac1b exhibits a nucleotide binding affinity in the low nanomolar range, which is still high enough to act as a GTP binding protein in cells. However, due to the fact that the DH-PH domain of Tiam1 is a weak exchange factor in vitro (unpublished data) and displays a 10 times higher activity on prenylated Rac1 bound to liposomes than on soluble unprenylated Rac1 (23) we cannot exclude that Rac1b can in principle interact with Tiam1 under cellular conditions as shown with constitutive active Tiam1, overexpressed in NIH3T3 cells (11) .
Impaired intrinsic GTP-hydrolysis reaction of Rac1b -A second crucial function of small GTPases is their slow intrinsic GTP-hydrolysis reaction which needs to be stimulated by GAPs in order to switch off downstream signaling. Therefore, we measured the GTP-hydrolysis reaction of Rac1b in direct comparison to that of Rac1 using a HPLC-based technique. Interestingly, we found that the intrinsic GTP-hydrolysis reaction of Rac1b (0.0035 min -1 ) was about 30-fold reduced compared to that of Rac1 (0.11 min -1 ) (Fig. 1D , Table 2 ). In contrast to our results it has been previously published that Rac1
and Rac1b show the same GTPase activity (10) . This discrepancy can be explained by the method this group employed. The filter binding assay seems to be inappropriate for a protein with a fast nucleotide dissociation such as Rac1b. Unlike the constitutive active mutants of Rac1 (G12V in the P-loop and Q61L in the switch II region) that also have an impaired intrinsic GTP-hydrolysis (24), the defective GTPase reaction of Rac1b can be restored by GAP proteins. As shown in Fig. 1D , the catalytic domain of p50GAP stimulated the GTPase reaction of Rac1b up to 55-fold (21-fold for Rac1) showing that GAP is able to stabilize the catalytic elements of Rac1b and thus accelerate the GTPase reaction.
High level of Rac1b·GTP in COS-7 cells -Considering the increased nucleotide
dissociation and the decreased GTP-hydrolysis, it was tempting to assume that Rac1b is GTP-bound in cells. To prove this assumption, Rac1, its constitutive active mutant Rac1(G12V), and Rac1b were overexpressed in COS-7 cells under serum-starved conditions for 48 hours. The fact that wild-type Rac1b could be pulled down with GST-PAK-GBD verifies our hypothesis that Rac1b exists in an active conformation in serumstarved cells. Thereby it resembles the constitutive active Rac1(G12V) mutant ( Fig. 2A) .
As expected wild-type Rac1 could not be detected under these conditions and obviously needs GEF proteins to be activated. A GTP-dependent Rac1b-PAK interaction was demonstrated by performing the pull-down assay with purified GDP-and GppNHp- This mutant has an even greater cell-transforming potential in fibroblasts compared to the constitutively active Cdc42(G12V) mutant. However, our biochemical data clearly shows that Rac1b behaves as a self-activating GTPase that is predominantly GTP-bound in cells. (Fig. 4) . In most structures of GppNHp-bound GTPases the switch II region is well ordered (37) indicating that the insertion in Rac1b contributes to a higher mobility of the switch II region, and thus leads to an impaired GTPase reaction of Rac1b (Fig. 1D ).
Low-affinity binding of Rac1b to PAK-GBD -
The catalytic residue Q61 in switch II ( 57 DTAGQ-motif) is crucial in this context and its high flexibility is most likely the reason for the impaired GTPase reaction of Rac1b (Fig.   1D ). This is due to the missing stabilization of the nucleophilic water leading to a decreased GTP-hydrolysis rate of Rac1b. It has been shown before that the mutation of this key residue (Q61) significantly affects the intrinsic and the GAP-stimulated GTPhydrolysis reactions (5, 24, 38, 39) . Interestingly, the fact that GAP is able to stimulate the GTP-hydrolysis of Rac1b strongly indicates that the switch regions, naturally providing the GAP binding site, can be stabilized in a GTPase competent conformation.
It has been proposed previously that the 19 amino acid insertion could form a new functional domain built of two β-strands connected by a turn (9), but our results make it unlikely that this region, due to its flexibility, has any secondary structure.
Displacement of the switch I region in Rac1b -
The most obvious structural difference of Rac1b in comparison to Rac1 is observed in the region between A28 and N39 encompassing the switch I of Rac1b. The drastic displacement of the switch I region from the nucleotide binding site is similar in the Rac1b·GDP and Rac1b·GppNHp structures (Fig. 5, A and B) . Switch I exhibits a maximum distance of 6.5 Å to the nucleotide binding site compared to 3.2 Å in Rac1, where it completely covers the nucleotide (Fig. 5C ). High affinity nucleotide binding and GTPase activity of small GTPases are crucially dependent on the presence of an Mg 2+ -ion. The octahedral Mg 2+ -coordination is highly conserved throughout small GTPases (40-42) but shows significant differences in Rac1b. In the GDP-bound state, the magnesium is directly coordinated by an oxygen of the β-phosphate, the side chain of T17 (P-loop) and three water molecules (Wat2, 116 and 117), but lacks the coordination of T35. This key interaction is replaced by a fourth water molecule (Wat1, Fig. 5A ). A similar arrangement is observed for Rac1b·GppNHp, except for the replacement of one water molecule (Wat2) by the γ-phosphate oxygen of GppNHp (Fig. 5B) .
As a consequence of the open switch I, contacts of the invariant T35 with the γ-phosphate (main chain NH-group) and the Mg 2+ -ion (side chain OH-group) are disrupted and provide an explanation for the rapid nucleotide dissociation of Rac1b. This situation is comparable to the T35A mutation in Ras, that drastically reduces the nucleotide affinity, due to the loss in Mg 2+ -coordination (41, 43) and in particular to the mechanism of Tiam1-catalyzed nucleotide exchange (44) . The crystal structure of the nucleotide-free
Rac1·Tiam1 complex has shown that the interaction of the DH-domain of Tiam1 with
Rac1 has shifted switch I and β2 (aa 27-45) up to 2.7 Å along the nucleotide binding cleft (44) . Thereby, T35 in Rac1 is displaced and the T35-Mg 2+ interaction is disrupted (Fig.   5C ). Thus, Tiam1 binding to Rac1 prevents T35 from binding to the Mg 2+ -ion and allows GDP release from Rac1 (1, 44). Since the P-loop contacts with either GDP or GppNHp are well conserved and the increased dissociation rates of GDP and GTP are rather similar, we propose that the 19 amino acid insertion in Rac1b induces similar effects on the switch I region as Tiam1.
Interaction with regulators and effectors -For comparative structural analyses of
Rac1b interaction with regulators and effectors we used following structures: the nucleotide-free Rac1·Tiam1 complex (44) , RhoGDI in complex with Rac1, Rac2 and Cdc42 (45-47), the transition state complex of RhoA·GAP (48), Rac1·GppNHp·PAK (49) and Rac1(Q61L)·GTP·p67 PHOX (50) . In addition to β2/β3/β4 (Tiam1), β4/α3 (RhoGDI), or α1/α5 (PAK-GBD) these proteins basically interact with the switch regions of the GTPase, except for p67 PHOX that contacts α1, β2 and α5.
A superposition of GDI on Rac1b revealed that GDI binding to switch II and the α3 helix of Rac1b could accommodate the insertion. However, it has been recently shown that GDI does not bind Rac1b (11) . The proper contact of GDI to the α3 helix of Rac1 has been shown to be essential since a H103A mutation abolishes its interaction with Rho-GDI (51). As the structure of the α3 helix is not changed comparing Rac1b to Rac1
we suggest that the insertion may sterically interfere with GDI binding.
The association of Tiam1 with Rac1b has recently been shown in immunoprecipitation experiments (11) indicating that the structural requirements for the Rac1b-Tiam1 interaction are not affected by the 19 amino acid insertion. However, in contrast to the Rac1b-GAP interaction which resulted in stimulation of the GTPhydrolysis reaction of Rac1b (Fig. 1D) , no further increase in the nucleotide dissociation rate in the presence of a 50-fold molar excess of the Tiam1 DH-PH domain was observed (Fig. 1C) . It is generally accepted that both GEFs and GAPs require activation and membrane recruitment in order to fulfill their regulatory function in the cell. This and the fact that Rac1b is, without external stimuli, GTP-bound in COS7 cells ( Fig. 2A) strongly indicate that, independent of its regulators, Rac1b intrinsically persists in the activated state.
Our biochemical data lead us to the assumption that PAK-GBD has to stabilize the highly mobile switch regions of Rac1b by the expense of a 7-fold lower affinity ( The fact that Rac1b does interact with GAP and PAK-GBD (Figs. 1D and 3) indicates ( Our data together with the recent report of Matos et al. (11) enabled us to suggest a concept of Rac1b regulation and its interaction with downstream targets (Fig. 6 ). The missing regulation by GDI most likely keeps Rac1b constitutively membrane bound. In consideration of the aberrant intrinsic activities of Rac1b presented in this study it is tempting to assume that in contrast to Rac1, Rac1b regulation by GEFs and GAPs seems to be redundant. Activated GAPs can effectively downregulate Rac1b, but it enters immediately a new activation cycle by a self-activating mechanism. GEFs may contribute to an even faster exchange of the bound nucleotide. We conclude that the self-activation, GDP-and GppNHp-bound Rac1 and Rac1b (C-terminal truncated) were employed in pull-down (PD) assay using GST-PAK-GBD and GST-PAK full length, respectively.
PAK-GBD selectively binds the GTPase in a GTP-dependent manner, whereas GST-PAK full length only binds GppNHp-bound Rac1 but not Rac1b. . R free is R cryst that was calculated using 5% of the data, chosen randomly, and omitted from the subsequent structure refinement.
f Brackets show solution for the second molecule in the asymmetric unit.
g Brackets show number of included water molecules.
h Brackets show the residue range for the second molecule in the asymmetric unit. The GAP concentration (8 µM) was 10-fold below the GTPase concentration (80 µM).
